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ABSTRACT

Wound healing is a dynamic and complex biological process, which requires coordinated events including
haemostasis, inflammation, proliferation, revascularisation and remodelling. Impaired wound healing is a common
problem that occurs in both community and hospital settings. Various experimental and clinical studies have
evaluated different modalities for the treatment of topical wounds, such as sugar, antibiotics, honey and
phytotherapies; also statins have diverse pleiotropic effects that have been suggested to be useful to improve
wound healing. Data derived from both animal and human studies showed that statins especially atorvastatin,
simvastatin and pravastatin can accelerate the wound-healing process. However, further high-quality and evidence-
based studies are needed to address the best statin drug, appropriate dose, the best administration route, duration
of treatment and to determine correlation between pleiotropic effects of statins and their probable clinical benefits.
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Key Points

e inflammation is one of the
important causes of delayed
wound healing because of
oxidative stress, proteolysis and
accumulation of toxic sub-
stances that occur during
inflammation

e in addition, bacterial infec-
tion has a detrimental effect
on the wound healing process
by impeding angiogenesis and
secretion of plasminogen acti-
vator and proteolytic enzymes

e recent studies showed that
statins have a crucial role in
the regulation of angiogenesis

e it was shown that simvastatin
could increase VEGF synthesis
and release at the wound site
which is a crucial event for
new blood vessels" production
and subsequently ameliorates
impaired wound healing in
diabetic mice
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INTRODUCTION

The healing of open skin wounds is a dynamic
and complex biological process that includes
different coordinated events such as haemosta-
sis, inflammation, proliferation, revascularisa-
tion and remodelling (1-3). Inflammation is
one of the important causes of delayed wound
healing because of oxidative stress, proteolysis
and accumulation of toxic substances that occur
during inflammation (4). In addition, bacterial
infection has a detrimental effect on the wound-
healing process by impeding angiogenesis and
secretion of plasminogen activator and prote-
olytic enzymes (5).
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Different studies have described high preva-
lence of chronic wounds and have showed
impaired wound healing as a common problem
in both community and hospital settings (6,7).

Pre-existing pathophysiological abnormali-
ties such as diabetes and the pressure in
the wound site substantially are known to
cause deterioration to the wound healing (6,7).
Impaired production and release of vascu-
lar endothelial growth factor (VEGF) at the
wound site in diabetes have been defined as
a key point for altered angiogenesis and sub-
sequently impaired wound healing (8). Recent
studies showed that statins have a crucial role
in the regulation of angiogenesis (9). It was
shown that simvastatin could increase VEGF
synthesis and release at the wound site which is
a crucial event for new blood vessels” produc-
tion and subsequently ameliorates impaired
wound healing in diabetic mice (10).

Worldwide 2-5% of patients with wound
infection undergo surgical procedures each
year. Also they are at a greater risk of
impaired of wound healing due to change in
physiological parameters following infection
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such as angiogenesis and circulation to wound
site (11,12).

Several treatment strategies have been eval-
uated to accelerate wound healing and pre-
vention of deterioration to advanced stage of
ulcers by prevention or treatment of wound
infection (13), and it has been claimed that
most of them had beneficial effects on wound
healing (14-17).

In these days, statins because of diverse
pleiotropic effects independent of their lipid-
lowering activities potentially are considered
a novel therapeutic modality for different
pathological conditions such as psoriasis,
sepsis, alopecia, wound healing and other
inflammatory diseases (18,19).

The broad-spectrum pleiotropic effects of
statins include anti-inflammatory (20), antiox-
idative (21), immunomodulatory (22,23), anti-
bacterial activities (24) and improvement
of microvascular function and reperfusion
(18,25-28) and different animal models sug-
gested that they have useful effects on wound-
healing process (3,10,29).

Oral statins as same as other systemic med-
ications can cause a number of adverse effects
such as myopathy and liver problem (30), so
topical delivery of statins may be a reasonable
alternative to oral administration to prolong
their valuable effects and reduce the incidence
of adverse effects (31).

Considering the prognostic impact of statins
on different aspects of wound-healing process,
the application of statins in wound healing is
rational and seems promising. Some research
studies have focused to evaluate the effect
of statins on the different phases of the
healing process particularly inflammation and
revascularisation phases. In this review, the
effects of statins on wound healing in available
clinical and non clinical studies have been
evaluated.

METHODS

A literature search was performed using Sco-
pus, PubMed, Medline, Cochrane central reg-
ister of controlled trials and Cochrane database
systematic reviews. Key words used as search
terms were ‘statins’, ‘lovastatin’, ‘atorvas-
tatin’, ‘simvastatin’, “‘pravastatin’, ' HMG-CoA’,
‘skin’, ‘cutaneous’, ‘skin lesion’, ‘skin dam-
age’, ‘wound’ and ‘wound healing’. Any time
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limitation is not considered up to organ-
ising the review. All studies (experimental,
quasi-experimental and clinical), which eval-
uated the effect of statins on wound healing
as a main surrogate endpoint, were included.
Improved wound-healing process was sug-
gested in different animal (10,29,32-36) and
human studies (37).

Experimental studies on the use

of statins in wound healing

To date the beneficial effects of statins on
improving wound healing have been evaluated
in a number of experimental and clinical
studies (Table 1). However, one study reported
that fluvastatin can suppress non steroidal anti-
inflammatory drug-induced ulcer formation
because of its antioxidative activity in rats (38).

Effect of statin on the infected wound healing

The review identified that the first animal
study that reported a beneficial effect of statins
in wound healing was published by Rego
et al. (32), who investigated the effect of top-
ical treatment with simvastatin microemulsion
on improvement of skin infected acute wound
in rats. In this, animals were randomly allo-
cated into two groups composed of seven rats
in each group. A surgical procedure was per-
formed to create a 1cm? wound and after
that wounds were contaminated with topical
application of multibacterial solution which
was prepared by fresh faeces of rats and
saline. On day 2, 0-2 ml of topical simvastatin
microemulsion (10 mg/ml) was administered
daily on the infected wounds in the simvas-
tatin group, whereas the wounds of control
group were treated with saline solution once a
day. Topical treatment was continued until the
wounds healed in intervention group. There-
after, histological and immunohistochemical
properties of healed skin were evaluated.
Samples of healed tissue for histopathology
were evaluated by optical microscope and
immunohistochemical staining. Also tumour
necrosis factor (TNF)-a and interlukine-18
(IL-1B) were assessed. Bacteriological exam-
ination was performed on wound exudate
on the fourth day of treatment. In compar-
ison with saline solution therapy, adminis-
tration of topical simvastatin microemulsion
showed statistically significant improvement
of wound healing based on histopathological

Key Points

e the broad-spectrum pleiotropic
effects of statins include anti-
inflammatory,  antioxidative,
immunomodulatory, antibacte-
rial activities and improvement
of microvascular function and
reperfusion and different ani-
mal models suggested that they
have useful effects on wound
healing process

e oral statins as same as other
systemic medications can cause
anumber of adverse effects such
as myopathy and liver problem,
so topical delivery of statins may
be a reasonable alternative to
oral administration to prolong
their valuable effects and reduce
the incidence of adverse effects

e in this review, the effects of
statins on wound healing in
available clinical and non clini-
cal studies have been evaluated
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and bacteriological examinations and also mea-
surement of TNFa and IL-18. The attenuation
of inflammatory reactions and cytokine expres-
sion were showed by marked decrease in
TNF« and IL-18 observed in the rats whose
wounds were treated with simvastatin, and
they were statistically significant. Topical sim-
vastatin also decreased leucocyte infiltration
and as a consequences reduced a leucocyte—en-
dothelial cell interaction, which confirms the
endothelium-protective effect of simvastatin
suggested in some literature (39,40). One of
the possible mechanisms of wound healing
of infected skin was antibacterial effect of
statins observed in this study. Acute and
chronic wound healing may be delayed by
acute inflammatory response of bacterial infec-
tion. Recently, the antibacterial effect of statins
was investigated in different studies (25,41-45).
There is some evidence to suggest that statins
may be helpful for reducing bacterial burden,
improving epithelialisation and wound heal-
ing (25,41-45). Although these studies showed
useful effects of statins on healing of infected
wound, but future studies should be conducted
to show the antibicrobial effect of statins on dif-
ferent pathological conditions such as various
soft tissue infections.

Effect of statin on the anastomotic wound
healing

Karadeniz Cakmak et al. (34) investigated the
effect of statins in anastomic wound healing
by conducting an experimental study using
an animal model, the potential benefit of
10 mg/kg simvastatin by mouth with gavage
catheter daily was investigated on wound com-
plications such as intra-abdominal abscesses
formation and leakage at anastomotic site,
and bursting pressure and hydroxyroline con-
tent were also measured to assess mechani-
cal and biochemical healing, respectively (34).
In addition, tissue granulation, local inflam-
matory response and histological changes of
anastomotic wound healing were assessed
according the certain scale (34), and mucosal
ischaemia was determined by Chiu scale (46).
Macroscopic healing was assessed by two sur-
geons and graded according to the specific
scale (47). A total of 32 rats were randomly
allocated in simvastatin (n = 16) and control
(tap water) (n =16) groups, and then anas-
tomosis intervention started after 1 week and

© 2011 The Authors
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maintained during the study period. Finally,
healing parameters were investigated in third
and seventh post-treatment days. Simvastatin
treatment leads to better histopathological fea-
tures in terms of increased reepithelialisation,
decreased granuloma formation and inflam-
matory infiltration to muscle layer and reduced
ischaemic necrosis. Also simvastatin adminis-
tration leads to a significantly higher mechani-
cal and biochemical healing than control group,
while neither anastomotic leakage nor septic
complications were detected in both the study
and control groups (34).

Effect of statin on the diabetic wound healing

Diabetes mellitus and its complications are
common problems throughout the world (48).
Healing defect of diabetic wound is prevalent
between these patients and results in high eco-
nomic burden for health care organisations.
Several interventions have been initiated to
improve wound healing in diabetic patients
such as wound dressing (49), honey as a
dressing solution (50) and topical antimicrobial
therapies (51). On the basis of the available evi-
dences that showed beneficial effects of statins
on wound healing (29,37), it was proposed
that statins may have beneficial effects on the
management of diabetic foot wound (29,37). In
2008, Bitto ef al. evaluated the intraperitoneal
efficacy of simvastatin in diabetes-related
impaired wound healing. This study was con-
ducted on 150 mice in total, and 10 animals
were recruited in each group (diabetic or nor-
moglycaemia, simvastatin or vehicle treated
or VEGF neutralising antibody pretreated) in
each time point (3, 6 and 12 days). Simvastatin
(5 mg/kg) or its vehicle was given intraperi-
toneal daily in each group until time point
(3, 6 and 12 days), thereafter animals in each
group were killed and wounds were evaluated
by histology, breaking strength and molecu-
lar analysis. VEGF mRNA was measured by
Western blot analysis, healing process was
assessed histologically, and histological score
was calculated to give a quantification of these
parameters (52); wound breaking strength was
also evaluated by using a calibrated tensome-
ter (53) and angiogenesis was measured by
CD31 immunostaining. An additional group of
mice were treated with anti-VEGF monoclonal
antibody 1 week before starting simvastatin
and killed in certain time (3, 6 and 12 days) to



Key Points

e this study clearly showed that
simvastatin was able to improve
the pattern of VEGF produc-
tion and secretion and sig-
nificantly ameliorate wound
repair by measurement of VEGF
mRNA, protein expression and
enhanced nitric oxide (NO)
wound content

e beneficial effect of simvastatin
with passive immunisation by
anti- VEGF monoclonal anti-
body completely cancelled the
beneficial effects of simvastatin
on wound healing, so it is
suggested that VEGF plays a
main role in simvastatin effect
in wound-healing process

e although some concerns exist
that endothelial ~ regenera-
tion resulting from VEGF
may increase tumour growth,
there is not any document
about tumour growth in post-
marketing surveillance studies

e this study showed simvas-
tatin only inhibit insulin-induced
translation of VEGF mRNA and
also, interfered with prolifera-
tion of cultured keratinocytes

e according to the result of
this study, topical administra-
tion of atorvastatin had sig-
nificant higher wound-healing
rates than placebo at days 7
and 14

e according to the result of this
study, collagen content and
breaking strength increased on
day 10 post-wounding, and
there was a significant elevation
in NO level in the wound fluid
of pravastatin group

e so the result of this study
showed other mechanisms of
statins which may be use-
ful in wound healing such
as increased wound breaking
strength and elevated NO levels

Statins and wound healing

clarify molecular relationship between wound
healing and VEGF in diabetes. This study
clearly showed that simvastatin was able to
improve the pattern of VEGF production and
secretion and significantly ameliorate wound
repair by measurement of VEGF mRNA, pro-
tein expression and enhanced nitric oxide
(NO) wound content. Beneficial effect of sim-
vastatin with passive immunisation by anti-
VEGF monoclonal antibody completely can-
celled the beneficial effects of simvastatin
on wound healing, so it is suggested that
VEGF plays a main role in simvastatin effect
in wound-healing process (10,54,55). Although
some concerns exist that endothelial regenera-
tion resulting from VEGF may increase tumour
growth, there is not any document about
tumour growth in post-marketing surveillance
studies (56).

In contrast to the previous study, in the
same year, another in vivo study suggested
that simvastatin can decrease in VEGF protein
expression, interfere with keratinocyte angio-
genic and proliferation process during skin
repair (57). However, wound healing outcome
was not reported in this study. In this eval-
uation, wounding of mice were performed
by excising the skin and subcutaneous tis-
sue in six different sites and then interven-
tions were made by simvastatin (40 mg/kg)
intraperitoneally once a day in case group
and vehicle (ethanol and phosphate-buffered
saline) in control group. Specimens were taken
in 1, 3, 5 6, 7 and 13 days after wounding
and were analysed for different parameters
to assess the effect of HMG-CoA reductase
expression on keratinocyte angiogenic and
proliferation during wound healing (57). For
each time point, VEGF mRNA analysis was
conducted for 16 wounds (4 wounds from
four animals), also VEGF protein analysis of
8 wounds (2 wounds from 4 animals) were
performed and 4 unwounded animals were
considered as control. This study showed sim-
vastatin only inhibit insulin-induced transla-
tion of VEGF mRNA and also, interfered with
proliferation of cultured keratinocytes. Inhibi-
tion of 3-hydroxy-3-methylglutaryl coenzyme
A reductase by simvastatin in wounded mice
with acutely regenerating tissue was paral-
leled with loss of VEGF protein expression
and interferences of normal proliferation of
keratinocytes during skin repair.

Subsequently, Toker et al. (29) evaluated the
efficacy of topical atorvastatin on diabetic foot
healing in using 56 streptozotocin-induced
diabetic rats in eight groups and compared
wound-healing rates between topical Atorvas-
tatin (1% and 5%), placebo (mixture of lano-
lin — vaseline) and untreated groups at days
7 and 14. First and second groups received
no treatment for 7 and 14 days, respectively,
third and fourth groups treated with placebo
for 7 and 14 days, respectively, topical formu-
lation if atorvastatin 1% was used in fifth and
sixth groups for 7 and 14 days, respectively,
and atorvastatin 5% was administered for 7
and 14 days in seventh and eighth groups,
respectively. In addition, healing was assessed
according to wound size measurement and
histopathological study on the 7 and 14 days.
Wound healing was evaluated according to
wound surface area reduction with a stereomi-
croscope and photograph. Healing rate was
expressed based on percent of healed skin
area. Other healing criteria were histological
characteristics such as regeneration of epider-
mis and dermis, granulation and angiogenesis.
According to the result of this study, topical
administration of atorvastatin had significant
higher wound-healing rates than placebo at
days7 and 14. However, there were not any sig-
nificant differences in wound healing between
1% and 5% topical atorvastatin in 7 and 14 days
after therapy, so duration of topical atorvas-
tatin administration was more correlated with
drug efficacy when compared with the dosage
of atorvastatin (29).

Another recent investigation has reported
NO as a potential target for the effect of
pravastatin on experimental diabetic wound
healing (33). This novel mediator, NO, has
been proposed to play different roles during
diabetic foot wound healing, which is related
to stimulatory effect on fibroblast activity or
indirect effects such as vasodilatation and
cytokine expression (58-60). In this study, 70
diabetic rats were assigned to two groups,
one group treated with gavaged pravastatin
(0-4 mg/kg) for five consecutive days, and the
other group received an equivalent volume of
sterile water. According to the result of this
study, collagen content and breaking strength
increased on day 10 post-wounding, and there
was a significant elevation in NO level in the
wound fluid of pravastatin group (33). So the
result of this study showed other mechanisms
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of statins which may be useful in wound
healing such as increased wound breaking
strength and elevated NO levels.

Effect of statin on the ischaemic skin flap
healing

Simvastatin seems to have a positive thera-
peutic potential on flap survival because of
its upregulation of thrombomodulin from the
surface of vascular endothelial, increased der-
mal blood flow and decreased microthrombus
formation properties (35). In an experimental
study, the beneficial effect of simvastatin was
assessed in the ischaemic skin flap model.
The sample included 30 rats divided into
three different groups. Group 1 received
5mg/kg/day simvastatin, intraperitoneally,
group 2 received 1mg/kg/day phosphate-
buffered saline and no treatment was given
to control group. Thereafter, the effect of
simvastatin was evaluated by comparison of
flap survival rate, blood flow and vascu-
larity showed by microangiography between
these three groups. Higher surviving area and
increased flap vascularity in group 1 compared
to other groups and no evidence of necrosis
in rats that were treated with simvastatin sug-
gested simvastatin contribution to flap survival
(mean necrotic rates of flaps reported 23-7%
in group 1 which was significantly lower in
comparison of group 2 and control group that
reported 45-35% and 45-56%, respectively) (35).
Sensitivity of the techniques and subjective
assessment that were applied for evaluation
of the endothelial parameters are limitations of
this study.

Effect of statin on the healing
of radiation-induced skin lesion

Useful effects of pravastatin on healing of
radiation-induced skin lesions were reported
following maintenance of endothelial function
by their anti-inflammatory and antioxidant
activities (36). Radiation-induced inflamma-
tory responses and endothelial dysfunction
by limiting NO availability was induced
in two different mice groups: wild-type
mice and endothelial NO synthase (eNOS)
mice. Mice were randomly allocated in
four groups of eight wild-type mice (unir-
radiated, unirradiated + pravastatin, irradi-
ated and irradiated + pravastatin) and two

groups of eight eNOS mice (irradiated

© 2011 The Authors
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and irradiated + pravastatin) and they were
followed up for 28 days. Pravastatin was
administered orally in a dose of 40 mg/kg/day
in the mice food. The results of this study
showed useful pravastatin therapeutic effects
on preventing skin damage by decreasing
leucocytes and endothelium interactions, lim-
iting expression of inflammatory adhesion
molecules and cell migration in mice’s tissue.
In addition, it seems that eNOS plays a key
role in pravastatin healing effect of skin lesion
induced by a radiation (36).

Clinical use of atorvastatin in wound
healing in human studies
Effect of statin on the diabetic wound healing

Parallel to the findings of conducted experi-
mental studies, Johansen ef al. (37) investigated
the effects of an oral statin in diabetic foot ulcer
(DFU) healing process in a pilot randomised
trial in humans. Six patients treated with 10 mg
atorvastatin orally in one group and 80 mg
atorvastatin administered in seven patients
in another group in addition to conventional
management of DFU for 6 months. There were
no significant differences between two groups
with regard to diabetic control and complica-
tions, concomitant medications including oral
hypoglycaemic agents, insulin and antiplatelet
therapy. Administration of high-dose atorvas-
tatin was associated with significant decrease
in C-reactive protein. In addition, this study
showed beneficial effects of high-dose ator-
vastatin on lipids and ankle-brachial blood
pressure index compared with the low-dose
atorvastatin group (37). However, it seems this
study is too small to have a clinical interpreta-
tion and further clinical trial will be needed.

Another human study showed that short-
term oral atorvastatin treatment could increase
circulating endothelial precursors in patients
with systemic sclerosis in a pilot study (61),
and promote angiogenesis in vivo in animal
model of ischaemia (9,62-64).

CONCLUSION

In summary, a total of eight animal studies
and one clinical trial have been found that
evaluated the effect of statins on wound heal-
ing. Also inhibitory effect of fluvastatin on
ulcer formation induced by non steroidal anti-
inflammatory drug was discussed in another



Key Points

e in summary, a total of eight
animal studies and one clinical
trial have been found that
evaluated the effect of statins
on wound healing

e the results from all of these
studies consistently showed that
the use of statins produced
a significant improvement of
wound healing in different types
of wounds and in both oral and
topical administration and also
in short- and long-term follow up

e healing outcome was not
evaluated in this study, while
other reported studies showed
better wound-healing outcome
with statin therapy

e topical delivery through local
tissue area may be an alterna-
tive to oral administration to
reduce the incidence of adverse
reactions and sustain effects for
longer periods

e further study should be designed
to determine appropriate route
of statin administration for
wound care

e a review of the literature
showed that dose and type of
statin can affect the outcome

e future studies should be carried
out by focusing on potential
benefit of another statins such
as lovastatin, fluvastatin and
rosuvastatin on wound healing

e whether statins are effective for
improving wound healing in clin-
ical setting, and whether long-
term statin therapy is appropri-
ate for delaying or prevention of
wound exacerbation, are ques-
tions remained to be answered
in large-scale clinical trials

e recent progress in the potential
benefit of statin therapy on
wound healing warrants further
investigations on evaluating the
effect of statins on the other
type of wounds such as pressure
ulcers or venous leg ulcers

e although pleiotropic  effects
of statins can target multiple
pathophysiological ~ conditions
including wound-healing patho-
genesis, these results need to
be confirmed by high-quality
controlled clinical trial before
recommending to be used in
clinical practice

Statins and wound healing

study in rats (38). The results from all of these
studies consistently showed that the use of
statins produced a significant improvement of
wound healing in different types of wounds
and in both oral and topical administration
and also in short- and long-term follow-
up (10,29,32-37). Only in one study, simvas-
tatin therapy was related to disturbance of nor-
mal proliferation during skin repair as a result
of abolished VEGF protein release (57). Heal-
ing outcome was not evaluated in this study,
while other reported studies showed better
wound-healing outcome with statin therapy.

Topical delivery through local tissue area
may be an alternative to oral administration
to reduce the incidence of adverse reactions
and sustain effects for longer periods. How-
ever, diffusion coefficient of local statins must
be evaluated because transdermal penetration
of compounds through the skin may be insuffi-
cient due to low permeability (physicochemical
properties of the compound) and partition
ability. Further study should be designed to
determine appropriate route of statin adminis-
tration for wound care.

A review of the literature showed that dose
and type of statin can affect the outcome. How-
ever, the findings of described studies showed
wound-healing effect of simvastatin, atorvas-
tatin and pravastatin. Future studies should be
carried out by focusing on potential benefit of
another statins such as lovastatin, fluvastatin
and rosuvastatin on wound healing.

Evidence of the potential beneficial effect
of statins on wound healing is mostly based
on animal studies with small sample sizes
and short-term follow-up. Whether statins
are effective for improving wound healing in
clinical setting, and whether long-term statin
therapy is appropriate for delaying or pre-
vention of wound exacerbation, are questions
remained to be answered in large-scale clini-
cal trials. Three studies showed improvement
of endothelial function especially by upregu-
lating NO synthase (33,36), improving pattern
of VEGF production (10) and reducing oxida-
tive stress as a main role of statin during
wound-healing process independently of their
well-known lipid-lowering action (32). Also
antibacterial, improving epithelialisation and
increasing mechanical strength were reported
to have potential effect on wound healing
during statin therapy (10,34). Evidence-based
studies are necessary to confirm pleiotropic

effects of statins and their probable clinical ben-
efits on wound-healing relationship. Although
statins showed beneficial effects on different
types of wounds such as infected, anastomotic,
ischaemic and diabetic wounds in animal stud-
ies, more studies are essential to compare the
healing effect of statins on different wounds.
Recent progress in the potential benefit of statin
therapy on wound healing warrants further
investigations on evaluating the effect of statins
on the other type of wounds such as pressure
ulcers or venous leg ulcers.

Future perspective

Chronic wounds healing such as DFUs and
pressure sores are usual problem for patients
and health care workers. Management of
these wounds or prevention of progression to
advanced stages is one of the most important
strategies for health care providers. Although
pleiotropic effects of statins can target mul-
tiple pathophysiological conditions includ-
ing wound-healing pathogenesis, these results
need to be confirmed by high-quality con-
trolled clinical trial before recommending to
be used in clinical practice.
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